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Single-walled carbon nanotubes are a promising material as quantum light sources at room tem-
perature and as nanoscale light sources for integrated photonic circuits on silicon. Here we show that
integration of dopant states in carbon nanotubes and silicon microcavities can provide bright and
high-purity single photon emitters on silicon photonics platform at room temperature. We perform
photoluminescence spectroscopy and observe enhancement of emission from the dopant states by a
factor of ∼100, and cavity-enhanced radiative decay is confirmed using time-resolved measurements,
where ∼30% decrease of emission lifetime is observed. Statistics of photons emitted from the cavity-
coupled dopant states are investigated by photon correlation measurements, and high-purity single
photon generation is observed. Excitation power dependence of photon emission statistics shows
that the degree of photon antibunching can be kept low even when the excitation power increases,
while single photon emission rate can be increased up to ∼ 1.7× 107 Hz.
Single photon emitters are a fundamental element for
quantum information technologies [1], and a wide range
of materials has been explored to obtain ideal single pho-
ton emitting devices [2]. In particular, semiconduct-
ing carbon nanotubes (CNTs) are regarded as a promis-
ing material for such an application because they are a
nanoscale light emitting material [3] having stable exci-
tonic states which arise from the one-dimensional struc-
ture of CNTs [4, 5]. Under cryogenic temperatures, ex-
citons in CNTs are localized and behave as quantum-
dot-like states [6], exhibiting a quantum light signature
[7, 8]. At room temperature, single photon generation
using CNTs has already been accomplished by two ap-
proaches [9–13]. The first is where exciton trapping sites
are created to localize excitons [10, 11], and the second
is where efficient exciton-exciton annihilation process is
used to reduce the number of mobile excitons to unity
[12, 13]. The approach using exciton trapping sites allows
for high purity single photon generation, use of chirality
sorted CNTs, and direct deposition on various types of
substrates. Furthermore, trapping sites protect excitons
from quenching sites in CNTs, and optically-allowed de-
fect states appear below the dark states of E11 excitons,
resulting in significant brightening of photoluminescence
[14, 15]. Recently, aryl sp3 defects have received consider-
able attention because of the wide range of selectability of
CNT chiralities, dopant species, and reaction conditions,
which allows for tunable emission wavelength and decay
lifetime [16]. Using this method, single photon genera-
tion with a purity of 99% and an emission wavelength of
1550 nm is achieved at room temperature [11].
For practical single photon sources, not only single
photon purity and operating temperature, but also emis-
sion wavelength, linewidth, brightness, and photon ex-
traction efficiency are important. From this aspect, cav-
ity structures are widely used to improve performances of
single photon emitters [17–19]. As for CNT single photon
emitters, photonic [20, 21] and plasmonic [22] cavity con-
figurations have been used to enhance the brightness of
single photon emission at low temperature. Further de-
velopment is expected by integrating single photon emit-
ters into silicon photonics because it can lead to on-chip
integrated quantum devices [23], and CNTs have a po-
tential for such an application due to their emission wave-
lengths having low transmission losses in silicon. Micro-
cavities on silicon substrates have been used to enhance
photoluminescence (PL) [24, 25] and Raman [26] signal,
and efficient coupling even to a single carbon nanotube
has also been achieved [27–29], demonstrating that CNTs
are suitable for integration with silicon photonics.
Here we report on integration of CNT dopant state
emitters with silicon microcavities. Emission from aryl
sp3 defect states in CNTs coupled to two-dimensional
photonic crystal microcavities is characterized by PL mi-
croscopy, and significant enhancement of PL intensity is
observed. Time-resolved PL measurements on the same
device show a direct evidence of enhanced emission decay
rates by the Purcell effect, and we confirm single photon
emission from the device by performing photon correla-
tion measurements. The zero-delay second-order auto-
correlation g(2)(0) is as low as 0.1, showing high-purity
single photon generation, and the value is stable even
at high power excitation, which allows for single photon
emission rates as high as ∼ 1.7× 107 Hz.
We start sample preparation by fabrication of photonic
crystal microcavities on a silicon-on-insulator substrate
[Fig. 1(a)]. Electron beam lithography defines the pho-
tonic crystal pattern with shift-L3 cavities [30], and the
200-nm-thick top Si layer is etched through by dry etch-
ing. The buried SiO2 layer with a thickness of 1000 nm
is then etched by 20 wt% hydrofluoric acid, and thermal
oxidation is performed at 900◦C for an hour to form a 10-
nm-thick SiO2 layer on the top Si layer. A scanning elec-
tron micrograph of a typical device is shown in Fig. 1(b).
ar
X
iv
:1
80
3.
08
62
8v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
23
 M
ar 
20
18
2106
Reflectivity (a.u.)
108 110
(c)
                    
 
on cavity
off cavity
1000 1100 1200
Wavelength (nm)
20
0
10
PL
 (co
un
ts
/s
)
1300
400
0
200
600
PL
 (co
un
ts
/s
)
(e)
(f)
(d)
PL intensity (a.u.)
0 20001000
(b)
Y
X
(a)
DOC (6,5)
MeO‐Dz
Si
SiO2
Si
SiO2
FIG. 1. (a) Schematic images of a doped CNT and a pho-
tonic crystal microcavity. (b) A scanning electron micrograph
of a photonic crystal microcavity. The arrows define the di-
rections of X- and Y -polarization for excitation. (c) and (d)
Reflectivity and PL images, respectively. Inset in (d) is the
laser polarization dependence of PL intensity on the cavity.
For (d) and the inset in (d), PL intensity is obtained by in-
tegrating PL over a 10-nm wide spectral window centered at
1187 nm. (e) PL spectra taken on the cavity (red) and off the
cavity (blue). (f) An enlarged view of the low-intensity region
of the data shown in (e). (b-d) The scale bars are 2 µm. (c-f)
Y -polarized CW laser with P = 1 µW is used for excitation.
(e) and (f) The long-pass filter with a cut-on wavelength of
1100 nm is used when the off-cavity spectrum is taken.
Doped carbon nanotubes are prepared from chirality-
enriched (6,5) CNTs encapsulated in a sodium deoxy-
cholate (DOC) surfactant. Aryl functionalization is done
using a diazonium dopant (4-methoxybenzenediazonium
(MeO-Dz)), where the details are described in the litera-
ture [31]. We dilute the doped CNT solution with water
to avoid bundling or piling up of CNTs on a substrate,
and finally the solution is drop casted on the devices us-
ing a glass micropipette.
PL measurements are performed with a homebuilt
sample-scanning confocal microscopy system [13]. We
use a Ti:sapphire laser where the output can be switched
between continuous-wave (CW) and ∼100-fs pulses with
a repetition rate of 76 MHz. We use an excitation wave-
length of 855 nm, which matches the phonon side-band
absorption for (6,5) CNTs [32]. The excitation laser
beam with a power P is focused onto the sample by
an objective lens with a numerical aperture of 0.85. PL
and the reflected beam are collected by the same objec-
tive lens and separated by a dichroic filter. A Si photo-
diode detects the reflected beam for imaging, while a
translating mirror is used to switch between PL spec-
troscopy and time-resolved PL measurements. PL spec-
tra are measured with an InGaAs photodiode array at-
tached to a spectrometer. For time-resolved measure-
ments, E11 emission at around 1000 nm is filtered out by
a wavelength-tunable band-pass filter with a transmission
window of 10 nm or a long-pass filter with a cut-on wave-
length of 1100 nm. Fiber-coupled two-channel supercon-
ducting single photon detector (SSPD) connected to a
50:50 signal-splitting fiber is used to perform PL decay
and photon correlation measurements. All measurements
are conducted at room temperature in a nitrogen-purged
environment.
We perform automated collection of PL spectra [33]
at all cavity positions to find devices with good optical
coupling. For a device where a significant enhancement
of the dopant state (E11
∗) emission [16] is observed, re-
flectivity and PL images are taken [Figs. 1(c) and (d)].
The enhanced PL is localized at the center of the cavity,
as expected from PL enhancement due to coupling with
the resonance modes of the cavity. In Figs. 1(e) and (f),
PL spectra on and off the cavity are shown, where the
off-cavity signal is taken on the photonic crystal pattern.
PL spectrum on the cavity shows multiple modes coupled
to the dopant state emitters, while a broad emission peak
from the dopant state is observed at the off-cavity posi-
tion. In the on-cavity spectrum, the peak showing the
highest intensity at an emission wavelength of 1187 nm
has a full-width at half-maximum of 3.9 nm, correspond-
ing to a quality factor Q = 300. We assign the highest
intensity peak to the 2nd mode of the L3 cavity [34]. By
comparing the peak height of the on-cavity and off-cavity
PL spectra, we obtain a PL enhancement factor of ∼100.
The PL enhancement can become large as there are
other cavity-induced effects in addition to the Purcell ef-
fect. In our devices, it is known that localized guided
modes can increase the excitation by more than a fac-
tor of 50 [34], and coupling to such an absorption reso-
nance can explain the strong excitation polarization de-
pendence (inset of Fig. 1(d)). Furthermore, the direction-
ality of the cavity radiation can improve the PL collection
efficiency by as much as a factor of 4 [35]. Combined with
the Purcell effect, these cavity effects can significantly
brighten the nanotube emitters, and thus the obtained
enhancement factor of ∼100 would be a reasonable re-
sult.
In order to investigate the Purcell enhancement of
the radiative decay rate, we perform time-resolved PL
measurements on the same device shown in Figs. 1(c-
f). For on-cavity PL, a single peak is spectrally filtered
by tuning the transmission wavelength of the band-pass
filter [Fig. 2(a)], while the long-pass filter is used in-
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FIG. 2. (a) PL spectra on the cavity taken before (black)
and after (red) the band-pass filter is set. CW laser with P =
1 µW is used for excitation. (b) PL decay curves taken with
pulsed laser excitation at P = 0.1 µW. The red and blue lines
are for the on-cavity and typical off-cavity data, respectively.
Fits with a convoluted mono-exponential decay function are
also shown for the on the cavity (black curve) and off the
cavity (green curve) data. Gray solid line represents the IRF.
(c) and (d) An autocorrelation histogram and a time trace
of photon detection rate, respectively, taken on the cavity
at P = 0.5 µW. An integration time of one second is used
for each data point in (d). (a-d) Y -polarized laser is used
for excitation. All the measurements are performed at room
temperature.
stead for off-cavity PL. In Fig. 2(b), PL decay curves
taken at the on-cavity and off-cavity positions are shown,
and fits are performed using a mono-exponential decay
function convoluted with a Gaussian profile represent-
ing the instrument response function (IRF) of the sys-
tem. Although PL decay of doped CNTs typically ex-
hibits a bi-exponential curve [11, 16], here we use a
mono-exponential decay for simplicity. From the fits, we
obtain the on-cavity PL lifetime τon = 122.0 ± 0.2 ps
and the off-cavity PL lifetime τoff = 173.8 ± 0.4 ps. If
we assume the radiative quantum efficiency η of 2.4%,
which is estimated by the unaffected quantum efficiency
of ∼11% for MeO-Dz doped (6,5) CNTs in water [14]
and PL quenching by a factor of ∼4.5 caused by an
interaction with the SiO2 substrate [11], the ∼30% re-
duction of the emission lifetime corresponds to a Purcell
factor Fp = (τoff/τon − 1)η−1 = 18, a coupling factor
β = Fp/(1+Fp) = 0.95, and an enhanced radiative quan-
tum efficiency of 31%.
We perform such lifetime measurements on ten other
devices and obtain an average lifetime of 131.2±43.8 ps.
The lifetime varies on different devices, suggesting that
coupling is affected by some uncontrolled factors. Cou-
pling efficiency is in general affected by spectral over-
lap, spatial overlap, and polarization overlap between the
emitters and cavity modes. Moreover, CNT density fluc-
tuations may have a significant effect in our samples. We
note that variations in the cavity quality factors are not
the main reason because Q of dopant state emission is
much lower than that of the cavity peak.
Next we measure photon correlation for the same cav-
ity peak shown in Figs. 2(a) and (b), and clear photon
antibunching is observed as shown in Fig. 2(c). We eval-
uate the normalized second-order autocorrelation at zero
time delay g(2)(0) from the autocorrelation histogram by
subtracting the dark counts and binning each peak with
a binning width of 2 ns. We note that the histogram is
taken within a time window from −60 to 300 ns, and side
peaks after τ = 60 ns are used for normalization to avoid
underestimation due to photon bunching. For the data
shown in Fig. 2(c), we obtain g(2)(0) = 0.136 ± 0.005,
indicating high-purity single photon emission.
It is surprising that we obtain such high-purity single
photon emission from a sample with drop-casted CNTs,
where numerous emitters are expected within the laser
spot. One explanation is that cavity coupling and spec-
tral filtering allow selective photon collection from a few
number of emitters. In fact, we actually observe higher
g(2)(0) when the band-pass filter is removed [Supporting
Information S1]. It is worth mentioning that we could
not measure photon correlation of off-cavity signal as the
emission intensity is too low, indicating the advantages
of cavity coupling.
During the photon correlation measurements, time
traces of the photon detection rate are also recorded
[Fig. 2(d)]. The total photon detection rate Γ, defined
as the sum of detection rates at the two channels, is ob-
tained from the autocorrelation count rate C using the
relation
Γ =
(√
r +
1√
r
)√
C
T
, (1)
where r is the signal splitting ratio between the two chan-
nels, and T = 353.7 ns is the effective time window for the
27 peaks which are included in the correlation histograms
[Supporting Information S2]. In Fig. 2(d), the PL inten-
sity shows a relatively large fluctuation over time, whose
standard deviation is ∼23 times larger than that of shot-
noise limited fluctuation. We observe such intensity fluc-
tuation of the cavity-coupled peak for all devices we have
measured, which may be caused by the influence of the
substrate [20].
Finally, we investigate excitation power dependence of
photon emission statistics on three other devices. The
PL spectra on the cavities with and without the band-
pass filter are shown in Figs. 3(a-c). For these spectrally
filtered peaks, we measure g(2)(0) and Γ [Figs. 3(d-f)]
while increasing P until Γ shows a rapid drop, which in-
dicates deterioration of the devices. As P increases, Γ
increases linearly while g(2)(0) remains almost constant,
except for the high power region in Fig. 3(e), where Γ
saturates and g(2)(0) slightly increases. In all devices,
g(2)(0) remains lower than 0.5 throughout the range of
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FIG. 3. (a-c) PL spectra of three different devices taken on the cavities before (black) and after (red) the band-pass filter is
set. The filter is tuned to the highest intensity peaks, where we assign the modes at (a) 1133 nm to 2nd mode, (b) 1135 nm to
2nd mode, and (c) 1135 nm to 5th mode. Insets show the laser polarization dependence of the PL intensity for each peak. CW
laser with P = 1 µW is used for excitation. (d-f) Excitation power dependence of g(2)(0) (red circles) and Γ (blue squares)
on the cavities measured in (a-c). Pulsed laser is used for excitation. Error bars are the standard deviation of Γ obtained by
analyzing the time-trace data for each data point. For g(2)(0), error bars are not shown as they are smaller than the symbols
in almost all of the data points. For (a) and (d), X-polarized laser is used, while Y -polarized laser is used for (b, c) and (e, f).
P , indicating the robustness of the quantum light sig-
nature. This behavior parallels the previous report [11]
where defect states for CNTs on a polymer film can also
show excellent g(2)(0) values even at relatively high pump
powers. At P = 4 µW in Fig. 3(f), we obtain the high-
est Γ of 4.5 × 105 counts/s. We note that clear bunch-
ing is observed when P is high [Supporting Information
S3], which may be caused by an increase of background
signals from CNTs which are not coupled to the cavity
mode.
In the four devices for which we have measured the
photon statistics, we find a positive correlation between
single-photon purity and the degree of polarization ρ,
which is defined by
ρ =
Imax − Imin
Imax + Imin
, (2)
where Imax and Imin are the highest and lowest PL inten-
sity, respectively, obtained by fitting the excitation polar-
ization dependence to a sine function [insets of Fig. 1(d)
and Figs 3(a-c)]. For the two devices whose g(2)(0) are
shown in Fig. 2(c) and Fig. 3(d), we obtain g(2)(0) ∼ 0.1
and ρ ∼ 0.8, while g(2)(0) ∼ 0.35 and ρ ∼ 0.6 are ob-
tained for the other two devices. This correlation is rea-
sonable, because low ρ implies that the CNT axis and
the localized guided mode polarization do not match or
that multiple CNTs with different orientations are cou-
pling to the same mode of the cavity. This observation
suggests that controlling the CNT density and orienta-
tion on the cavities is a key factor to obtain high quality
single photon emitting devices.
The obtained values of Γ can be converted to actual
photon emission rates at the devices using the total pho-
ton collection efficiency in our optical system, which is
estimated to be ∼2.6% [Supporting Information S4]. For
the highest photon detection rate Γ = 4.5× 105 counts/s
in our measurements, we obtain the corresponding pho-
ton emission rate of ∼ 1.7× 107 photons/s. By consider-
ing the laser pulse repetition rate of 7.6×107 Hz, the pho-
ton emission rate corresponds to the single photon emis-
sion efficiency of ∼22%, which is consistent with the esti-
mated quantum efficiency by the lifetime shortening ob-
served in time-resolved measurements. Compared to the
previously reported value for similar aryl-functionalized
CNTs but wrapped by PFO-bpy and deposited onto a
Au-deposited substrate with a separation layer of 160-
nm-thick polystyrene [11], the single photon emission ef-
ficiency is almost two times higher.
For achieving further improvement of our devices, op-
timization of CNT concentration is a key factor as men-
tioned above. Lowering the CNT density down to an
individual CNT level will produce an ideal situation for
cavity coupling, but such low density of CNTs results in
extremely low yield of cavity-coupled devices. Once ap-
propriate conditions for CNT deposition are determined,
spin-coating can be used to obtain more uniform and re-
producible deposition of CNTs on cavities [24], which
enables fabrication of integrated quantum light emit-
ters on silicon chips. As another approach, position-
controlled limited-area deposition using a micropipette or
nano-droplet [36, 37] may yield better results because it
does not degrade the cavity quality, although such small-
5volume CNT deposition only at the cavity positions is
challenging in practice. Improvement of cavity-coupling
efficiency by avoiding quenching from substrates may be
possible by using a thinner and more efficient separation
layer, like hexagonal boron nitride thin films [38]. In ad-
dition, the relationship between coupling efficiency and
cavity modes is worth investigating, where quality factor
and mode profile are different depending on the mode
order [39, 40]. Larger mode volumes are beneficial for
obtaining coupling to CNTs on the substrate but results
in a lower Purcell effect at the same time. Finally we
comment on the tunability of our devices. The emission
wavelength of aryl functionalized CNTs can be tuned by
selecting chiralities and dopant species [11, 16], and pho-
tonic crystal microcavities have a high flexibility both for
absorption and emission resonances [34]. Our approach
should therefore lead to bright single photon emitters at
1550 nm. In principle, it should also be possible to obtain
indistinguishable single photon sources at room temper-
ature by using higher quality cavities.
In summary, we demonstrate integration of carbon
nanotube dopant state emitters with silicon microcavi-
ties, and PL characteristics and photon statistics of the
devices are investigated. PL intensity enhancement by a
factor of ∼100 is observed from the dopant state emission
coupled to the cavity mode, and time-resolved measure-
ments reveal a ∼30% lifetime shortening by the Purcell
effect on the cavity-coupled emission. Photon correla-
tion measurements are performed on the devices, and
we confirm that room-temperature single photon emis-
sion capability, a key feature of sp3-doped CNTs, is pre-
served in the cavity-enhanced PL emission. We obtain
g(2)(0) as low as 0.1 and find that the degree of photon
antibunching is stable over a wide range of excitation
power. By increasing the excitation power, we obtain
a single photon detection rate as high as 4.5 × 105 Hz,
which corresponds to a single photon emission rate of
∼ 1.7 × 107 Hz and a single photon emission efficiency
of ∼22% per laser pulse. Our results indicate that in-
tegration of dopant state emitters in CNTs with silicon
microcavities can provide bright and high-purity quan-
tum light sources at room temperature on silicon pho-
tonics platform, raising expectations toward integrated
quantum photonic devices.
SUPPORTING INFORMATION
See supporting information for autocorrelation his-
tograms taken with and without the band-pass filter,
derivation of Γ, excitation power dependence of auto-
correlation histograms, and estimation of photon collec-
tion efficiency of the system.
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